ABSTRACT: Electrostatically tunable negative differential resistance (NDR) is demonstrated in monolithic metal− semiconductor−metal (Al−Ge−Al) nanowire (NW) heterostructures integrated in back-gated field-effect transistors (FETs). Unambiguous signatures of NDR even at room temperature are attributed to intervalley electron transfer. At yet higher electric fields, impact ionization leads to an exponential increase of the current in the ⟨111⟩ oriented Ge NW segments. Modulation of the transfer rates, manifested as a large tunability of the peak-to-valley ratio (PVR) and the onset of impact ionization is achieved by the combined influences of electrostatic gating, geometric confinement, and heterojunction shape on hot electron transfer and by electron−electron scattering rates that can be altered by varying the charge carrier concentration in the NW FETs.
T he success of continual miniaturization of electronic devices critically depends on the adoption of novel design paradigms enabling higher integration densities, lower power dissipation, and an overall improved performance. Low dimensional nanostructures, such as semiconductor NWs, present a promising approach for fabricating devices that can meet these requirements and could set new precedents. Thus, NWs have been the subject of extensive exploration into their remarkable potential for a range of novel device applications including tunnel FETs, 1,2 impact ionization FETs, 3 and singleelectron devices, 4 to name but a few. In some nanoscale systems, the astounding phenomenon of NDR has been observed. 5, 6 This nonlinear electron transport phenomenon may enable fast switching logic circuits, static memory cells, or high-frequency oscillators. 7−9 Although several groups reported NDR in semiconductors at cryogenic temperatures, 10, 11 it is rarely observed at room temperature except for the well-known Gunn effect in GaAs. 12 With regard to the above-mentioned future technological applications, it would be highly desirable to obtain NDR in complementary metal-oxide-semiconductor compatible materials at standard conditions and to control the effect by an electric field. Particularly, n-type Ge has been the subject of numerous studies in this regard because NDR is much more readily observed for electrons than for holes. 13 Electric fields oriented along the ⟨111⟩ axis in Ge have proven to show stronger signs of NDR than others due to their influence on electron populations in different subband valleys. 13, 14 Thus, Al−Ge−Al NW heterostructures as shown in Figure 1 with ⟨111⟩ crystal orientation and abrupt metal−semiconductor heterointerfaces 15 represent an ideal model system for a detailed study of NDR in a geometrically confined system. The sophisticated device processing scheme 15 enables control of the active device length L Ge and integration in electrostatically controlled FET device architecture. The Al−Ge−Al NW heterostructure resembles an equivalent circuit of two back-to-back Schottky diodes in series with the NW resistance. The abruptness of the Al−Ge Schottky contact is shown in the transmission electron microscopy image of the Al−Ge phase boundary in the inset of Figure 1a . The possibility to realize ultrashort Ge segments is used to ensure high electric fields along the ⟨111⟩ NW growth direction, realizing a configuration that has previously been shown to be most promising for observing NDR even at room temperature. 13 The intrinsic, vapor−liquid−solid grown Ge NWs with diameters ranging from 30 to 40 nm were dispersed onto a highly p-doped Si substrate with a 100 nm thick, thermally grown SiO 2 layer and predefined macroscopic Ti−Au bonding pads (see Figure 1b) . Individual NWs were then contacted with 100 nm thick Al pads by electron beam lithography, Al sputter deposition preceded by a HI dip, and lift-off techniques. To allow for electrostatic control of the charge carrier concentration within the intrinsic Ge NWs, the Si substrate was contacted by an additional Al pad to complete a NW FET in back-gated configuration. Subsequently, axial Al segments were formed in the NWs by thermal annealing for 300 s at 623 K in a forming gas atmosphere. 15 Owing to the solubility of Ge in Al and the significantly different diffusion coefficients of Ge in Al and vice versa, a virtually complete substitution of Ge by Al occurs at the interface and a crystalline Al phase is formed along the NW. 15 The length L Ge of the residual Ge segment is determined by the annealing time and temperature and the diameter of the NW. A scanning electron microscopy (SEM) image of an exemplary structure with a Ge segment length of L Ge = 415 nm is shown in Figure 1a along with a schematic illustration of the fully featured back-gated NW FET ( Figure  1b) .
The transfer characteristic of the Al−Ge−Al NW heterostructure FET in Figure 2a exhibits ambipolar behavior with a maximum I ON /I OFF ratio of 10 4 . Remarkably, high source-drain currents are achieved for both negative and positive back-gate voltages indicating effective charge carrier injection and accumulation of both electrons and holes in the NW channel. This can be understood in terms of the energy band alignment in the Al−Ge−Al NW heterostructure: The electron affinity of Ge of 4.00 eV and a band gap of 0.66 eV at 300 K 16 places the Fermi level of Al with a work function of 4.26 eV 17 close to midgap of Ge, as shown in the inset in Figure 2a . Therefore, for positive/negative back-gate voltages predominantly electrons/ holes will accumulate in the channel and thus dominate the current transport. Previous observations have shown, that NDR is much more pronounced for electrons in comparison to holes, 8 which can be attributed to the small mobility differences achievable by the transfer of holes between subbands of the valence band. 13 Thus, the ambipolar transfer characteristics of the NW FETs are used to ensure a high concentration of electrons in the ⟨111⟩ oriented Ge NW segments, enabling NDR via intervalley electron transfer processes.
Electrical characterizations performed at room temperature and at ambient pressure revealed NDR as well as an onset of impact ionization at sufficiently high electric fields in the Ge segments of the Al−Ge−Al NW heterostructures. The main plot in Figure 2b shows the I−V characteristic of an Al−Ge−Al NW heterostructure with a total length of 3.4 μm and an unreacted Ge segment with a length of 554 nm and a diameter of 35 nm for various back-gate voltages. The I−V curves were recorded by linearly increasing the source-drain voltage while monitoring the source-drain current for different back-gate voltages. Above a certain threshold electric field, a sudden increase in source-drain current indicates the onset of impact ionization. A threshold electric field value of E th = 76 kV cm 
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Letter zero-crossing of a linear fit of the steep increase in the I−V curve, which is in good agreement with the previously reported impact ionization threshold electric field of Al−Ge−Al NW heterostructures of 80 kV cm −115 and the breakdown electric field of bulk Ge of 100 kV cm −1 . 18 Increasingly positive backgate voltages shift the onset of impact ionization to higher electric fields, due to the impact ionization rates for holes being higher than those for electrons in Ge. 19, 20 A clear signature of NDR is present for V BG > −10 V and becomes even more apparent for positive back-gate voltages, as shown in Figure 2b . The magnitude of the current peak before the NDR region depends on the charge carrier concentration in the Ge segment of the NW and can be controlled by means of the applied back-gate voltage. For a back-gate voltage of V BG = +5 V, remarkably high current densities of up to J = 10 5 A cm
were observed before NDR set in. As a quantitative measure of the magnitude of the NDR phenomenon, the PVR, that is the ratio of the maximum current I peak before the NDR region and the current I valley at the local minimum in the I−V characteristic was extracted for different back-gate voltages. More positive back-gate voltages generally resulted in higher PVR values. At room temperature, a maximum PVR of 42 was achieved for a NW heterostructure with a Ge segment length of L Ge = 544 nm, unambiguously allowing the identification of NDR in the I−V plots and hinting at a high number of charge carriers participating in effects leading to this behavior. The measured PVR at 300 K is significantly higher than previously reported room temperature PVR values of 1.7 or 4.5 for Ge quantum dot tunneling diodes 21 or GaN NWs, 22 respectively. The influence of the back-gate voltage on the PVR and the onset electric field of NDR is a key advantage of the presented three-terminal devices and may be used for realizing oscillators with an electrostatically controllable output power. 9 While impact ionization was observed for all Al−Ge−Al NW heterostructures, the occurrence of NDR appeared to be critically dependent on the fabrication process, particularly on the contact formation procedure. Al−Ge−Al NW heterostructures, which were processed rapidly to minimize reoxidation of the Ge NWs after the HI dip before Al sputter deposition were more likely to exhibit signatures of NDR. Additionally, moderate reverse sputtering prior to the Al deposition also increased the yield for samples exhibiting clearly identifiable NDR. These samples show distinct ambipolar transfer characteristics, which appeared to be a reliable indication of the occurrence of NDR in the NW heterostructures.
According to Kazazis et al., 8 one has to consider self-heating effects, charge carrier trapping, and the transferred electron effect as potential origins of NDR. Additionally, for nanostructures, NDR may also be induced by resonant tunneling between quantized energy levels, as was reported for GaN/AlN double-barrier heterostructure NWs. 23 However, no such resonance effects can be considered for the actual device architecture and the opposite gate dependency of the NDR current peak leads us to exclude this mechanism for the studied devices.
In bipolar transistors with heavily doped bases, larger collector-emitter voltages and collector currents may elevate the junction temperature and result in a decrease of the current gain, which is determined by the base recombination current of the devices. 24 Therefore, in a certain region, an increase in voltage leads to a decrease in current due to local heating. This effect can be excluded for the presented Al−Ge−Al NW device, as for this unipolar device heating would increase the number of charge carriers and thus the overall conductivity. Furthermore, self-heating has also been reported to induce NDR in SOI based transistors. For these thin materials, NDR is attributed to charge carrier mobility degradation due to local heating as a result of power dissipation in the transistor channels.
25−27 NDR due to self-heating in SOI transistors is significantly more pronounced in devices with shorter channels as a result of a higher drive current and less semiconductor volume. 25 For the Al−Ge−Al NW heterostructures, clear and strong signatures of NDR were observed in back-gated FETs with channel lengths ranging from 144 nm to 2.55 μm. For all these devices, NDR was induced by increasing the electric field above a certain threshold. Thus, for longer devices the occurrence of NDR shifted to higher V SD values but appeared to be independent of the total current. The wide range of Ge segment lengths, which displayed similarly pronounced NDR, leads us to the conclusion that the observed NDR is not caused by charge carrier mobility degradation due to self-heating. Additionally, temperature dependent measurements revealed that higher temperatures resulted in increased absolute currents. Therefore, local heating in the presented NW heterostructures cannot induce NDR.
The trapping of charge carriers at interface states may also lead to NDR. 8 At sufficiently high energies, charge carriers may get trapped in surface/interface traps that contribute to additional surface scattering, effectively lowering carrier mobility, and gate coupling. The contribution of charge carrier trapping to the observed NDR can be readily distinguished by performing loop measurements. 8 Such loop measurements performed on the Al−Ge−Al NW heterostructures displayed clear signatures of NDR (see Supporting Information), leading to the conclusion that the transferred electron effect is the predominant origin of the NDR phenomenon in the studied NW heterostructure devices.
At sufficiently high electric fields, electrons from an energetically favorable conduction band valley characterized by a low effective mass and thus high mobility can be scattered to a heavy mass valley with lower mobility increasing the resistivity of the material and manifesting itself in NDR. 28 This so-called transferred electron effect has been observed in numerous systems including GaAs, 29 GaN nanocrystals, 30 and Ni/Ge Schottky diodes. 28 According to the Ridley−Watkins− Hilsum theory, 31 a semiconductor must fulfill three requirements to achieve NDR by the transferred electron effect: (i) the lower and upper valleys between which electrons are transferred must be separated by an energy difference much larger than the thermal energy, (ii) the separation of said energy levels must be smaller than the energy gap of the semiconductor, (iii) electrons in the lower valley must have higher mobility (lower effective mass) than those in the upper valley. 29 The first two conditions are met for Ge by the L-point and Δ-point minima of the ⟨111⟩ and ⟨100⟩ subbands of the conduction band, respectively, as shown in Figure 3 .
The energy difference between the L-point and Δ-point minima of Ge is ΔE = 0.19 eV, 32 which is significantly higher than the thermal energy at T RT = 300 K, that is, k B T RT = 25.8 meV (with Boltzmann constant k B ). However, the latter condition appears to be inhibiting the occurrence of NDR due to electron transfer. This holds true for the longitudinal effective electron masses; however, the transverse effective electron mass in the Δ-point minimum, m* Δ,t = 0.288 m 0 , is significantly higher than that in the L-point minimum, m* L,t = Nano Letters Letter 0.082 m 0 (with the free electron mass m 0 ), 11 permitting the NDR phenomenon to occur. Additionally, Monte Carlo simulations have shown, that band nonparabolicity and the presence of upper valleys both contribute to a reduced electron mobility, with a stronger contribution of the latter. 11 Although the Γ-point minimum is energetically closer to the L-point minimum, the coupling constant between 111 and 000 minima is significantly lower than between 111 and 100 minima. 11 Thus, the transfer of electrons mainly occurs from the L-point minimum to the Δ-point minimum. The energy difference of ΔE = 0.19 eV 32 between the favorable L-point minimum and the energetically higher Δ-point minimum determines the threshold electric field for electron repopulation. As shown in Figure 2b , the onset of NDR is shifted to lower electric fields for higher back-gate voltages, that is, increased electron concentrations. This can be understood in terms of the energetically highest states occupied by electrons in the lowest conduction band valley: In the case of a high electron concentration, higher states in the L-point minimum need to be occupied to accommodate all electrons in the system. Because electrons in these states are already at a higher energy level they need to overcome a smaller energy difference to be scattered to higher valleys like the Δ-point minimum. Therefore, smaller electric fields are required to activate electron transfer processes and the position of the current peak is shifted toward lower electric fields for more positive back-gate voltages, realizing an electrostatic control mechanism for the onset electric field of NDR.
The transfer of electrons between conduction band valleys with significantly different effective electron masses also accounts for the increased impact ionization threshold electric fields at more positive back-gate voltages, that is, higher electron concentrations, because electrons in low mobility valleys are not accelerated by an electric field as efficiently as electrons in a high mobility valley. At high electron concentrations, transfer to energetically higher conduction band valleys with lower electron mobilities sets in at lower electric fields leading to a high number of electrons in these valleys. Therefore, higher electric fields are required for avalanche breakdown in the case of more positive back-gate voltages, that is, higher electron concentrations.
The dynamic of electron transport phenomena in the NW heterostructures was also studied at different temperatures ranging from 100 K up to room temperature at a pressure of 10 −4 mbar. The I−V plot of an Al−Ge−Al NW heterostructure with a Ge segment length of L Ge = 487 nm recorded at a constant back-gate voltage of V BG = +15 V for different temperatures is shown in Figure 4 . The magnitude of the NDR signature increases significantly with decreasing temperature. The PVR at different temperatures ranging from 100 to 300 K is shown in the inset in Figure 4 . A maximum PVR of 74 ± 18 was measured for the lowest temperature. As a result of decreased thermal excitations and a higher fraction of electrons in the low energy states of the high mobility subband valley, the current peak before the NDR region is shifted to higher electric fields for lower temperatures. The initially lower average energy of the electrons at decreased temperatures also leads to a shift of the onset of impact ionization to higher electric fields.
In conclusion, more than ten ambipolar Al−Ge−Al NW FETs exhibited both NDR and impact ionization at room temperature. By modulating the charge carrier concentration in the Ge segments through electrostatic fields, that is, back-gate voltages, the occurrence of NDR and the threshold electric fields for NDR and impact ionization were controlled. While self-heating and charge carrier trapping could be excluded as the primary causes of the observed behavior, the observation of NDR in the NW heterostructures is attributed to the transferred electron effect. Charge carrier confinement in the quasi-one-dimensional NWs leads to an unprecedented maximum PVR of 42 at room temperature. At lower temperatures, the magnitude of the PVR of the NDR region was shown to be higher, whereas the transfer phenomenon remained clearly identifiable even at 300 K. The fabricated three-terminal devices could prove to be of great technological interest for operating future devices combining NDR and impact ionization with conventional FET technology at standard conditions. *E-mail: alois.lugstein@tuwien.ac.at.
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